absorbing chemical constituents such as nucleic acid bases, aromatic aminoacids, and heme chromophores [3] [4] [5] Another important manifestation of resonance enhancement emerges in surface-enhanced Raman scattering (SERS). [6] [7] [8] The surface enhancement of Raman scattering is observed in molecules adsorbed on rough or nanostructured noble-metal surfaces and comprises an electromagnetic and a chemical contribution. 8, 9 The chemical contribution to the SERS intensities, while generally smaller in magnitude than the electromagnetic enhancement, is sensitive to the electronic structure of the adsorbate. The chemical effect leads to characteristic changes in the relative intensities of Raman bands and alters the overall shape of the Raman spectra compared to neat substance. Chemical effects are satisfactorily described by cluster models and can be attributed to resonance enhancement due to interface states. 10, 11 The combination of surface enhancement with intramolecular excitations gives rise to surface-enhanced resonance Raman scattering (SERRS) which provides an extraordinary sensitivity, even to the level of single-molecule detection. [12] [13] [14] While theoretical descriptions of resonance Raman scattering has been developed early on by Shorygin and co-workers 2, 15 and by Albrecht, 16, 17 calculations of resonance Raman scattering from medium-size and large molecules are not often routinely performed. Raman scattering is a second-order process and its cross sections are given by the Kramers-Heisenberg-Dirac (KHD) dispersion relation. 18, 19 The classical expression for Raman cross sections involving derivatives of electronic polarizabilities with respect to vibrational normal modes can be obtained via closure of the sum over intermediate vibronic states in the KHD expression. 20, 21 The description of Shorygin and co-workers 15, 22 represents the polarizability derivatives as a sum over electronic states and introduces parameters for the resulting derivatives of excitation energies and oscillator strengths of the lowest excited state with respect to vibrational normal modes.
On the other hand, Albrecht's approach is rooted in the vibronic coupling theory 23, 24 and introduces the Herzberg-Teller expansion into the sum over vibronic states of the KHD dispersion relation. Each vibronic state contributes four different terms denoted A, B, C, and D by Albrecht.
The A term is due to vibrational wavefunction overlap of the initial and the intermediate state and of the intermediate and the final state. The B and C terms arise from the dependence of transition dipole moments on vibrational coordinates and are analogous to the intensity borrowing terms of vibronic coupling theory. 23, 24 The B term is derived from the coupling between the intermediate electronic excited state to other excited states, while the C term is due to the coupling between the ground electronic state to excited states and is customarily assumed to be small. The D term is of higher order in the coupling between electronic states and is often neglected. Albrecht's treatment involves a full sum over all vibronic states of the molecule and is thus rarely computationally tractable for larger systems. Nevertheless, it constituted a major breakthrough in the understanding of Raman scattering in that it provided a unified picture for both non-resonant and resonant Raman spectra. Sums over vibronic states can be evaluated in the displaced harmonic oscillator approximation. 25 A different approach to resonance Raman scattering was proposed by Heller and co-workers. 26 It amounts to a transformation of the KHD dispersion relation into the time domain, which represents the resonance Raman process as a propagation of vibrational wavepackets (multiplied with transition dipole moments) on the excited-state potential energy surface. Often, the short-time approximation to propagation dynamics is introduced, 27 which has proven remarkably useful in interpreting resonance Raman spectra. [27] [28] [29] Finally, resonance Raman cross section can be expressed in a fashion analogous to the nonresonant case by introducing finite lifetimes for the intermediate states, or in other words, by computing Raman cross sections from derivatives of electronic polarizabilities evaluated at complex frequenciesω = ω + iγ. 30, 31 Here ω is the excitation frequency and γ corresponds to an averaged lifetime of excited states, which is usually treated as an empirical parameter.
The purpose of the present work is to provide a simple and computationally tractable approximation for resonance Raman cross sections. To this end, we reduce the summation over vibronic states of the KHD dispersion relation to a summation of electronic states, similar to the parametric method of Shorygin and co-workers, and apply the double harmonic approximation, which is commonly used in calculations of vibrational spectra. This approximation requires only excitation energies, transition dipole moments, and their respective geometric derivatives to be computed for the electronic excited states included in the sum-over-states expression. In contrast to Shorygin's work, all parameters in the sum-over-states expression are provided from ab initio calculations, while the summation runs over all electronic excitations in a given energy range. Analytical gradient techniques make computation of geometric derivatives particularly efficient in the framework of time-dependent density functional theory (TDDFT). 32 In addition, the sum-over-states approach may be used to identify major contributions to resonance Raman intensities. We apply the present approach to assign and interpret resonance Raman scattering in nucleic acid bases.
The polarizability theory of Raman scattering due to Placzek relates the Raman scattering cross section to frequency-dependent electronic polarizabilities at the frequency of the incident radiation, 17, 21 
m and n are Cartesian directions. We use atomic units throughout. The summation is over all electronic excited states k > 0 with excitation energies Ω k and transition dipole moments µ m 0k . The polarizability theory of Raman scattering is based on the separability of the electronic and nuclear wavefunctions (Born-Oppenheimer approximation) and the assumption that the incident radiation is sufficiently far from resonance such that energy differences between vibronic levels of the KHD expression may be approximated by electronic excitation energies Ω k . In the double harmonic approximation, the Raman scattering cross sections are proportional to derivatives of α mn (ω) with respect to vibrational normal modes. 17, 21 Straightforward differentiation of the sum-over-states expansion for α(ω) with respect to the vibrational normal mode Q yields the following expression for the Raman scattering cross section of the vibration Q,
where the components of the Raman scattering tensor σ mn Q (ω) are given by
Here, ω Q is the vibrational frequency, c is the speed of light. Angle brackets denote the appropriate orientational average over components of the Raman scattering tensor σ σ σ Q (ω). The excited states k > 0 have linewidths γ k associated with them, which are chosen as empirical parameters independent of k in most studies. We will follow this practice here. The analogous expression for σ mn Q (ω)
with uniform linewidths γ k = γ for all excited states may be obtained by differentiation of the polarizability evaluated at the complex frequencyω = ω + iγ. 30, 31 In contrast, in the present approach different linewidths γ k may be chosen for individual excited states to reflect differences in their lifetimes. Ultimately, the excited-state linewidths may be rigorously derived from a open-system formulation, e. g., in the framework of TDDFT. [33] [34] [35] In practice, the sum over electronic excited states has to be truncated. The number of excited states contributing significantly to the Raman cross sections in Eq. (3) will be small in the vicinity of a resonance (|ω − Ω k | ≈ γ k ) but might increase significantly in the non-resonant case. While truncation of the sum-over-states is a potential source of error not present in the finite-lifetime approach, 30, 31 we find that convergence is sufficiently fast even in the non-resonant regime for nucleic acid bases considered here.
Differentiation of the frequency-dependent electronic polarizabilities (Eq. (1)) with respect to the vibrational normal mode Q gives rise to two kinds of terms for each excited state. The first term in Eq. (3) is proportional to the Cartesian derivative (gradient) of the excitation energy
It may be compared to the A term in Albrecht's approach, which arises from the energy differences between vibronic states in the energy denominator. 16, 17 By analogy, we will refer to these contributions as the A terms in the following. Only totally symmetric vibrational modes Q yield non-zero energy derivatives ∂ Q have the same origin and hence will be referred to as B terms. B terms are non-zero for vibrational modes that transform like components of the polarizability tensor; the selection rules for the B term are equivalent to those for non-resonant Raman scattering. 16, 17 The frequency dependence of Raman spectra is defined by the molecular electronic excitation spectrum. In the strictly resonant case (ω = Ω k ) the excited electronic state k dominates the sum in Eq. (3). In this limit, the shape of the resonance Raman spectrum reflects the structure of the potential energy surface of the excited state k. Since the A term is quadratic in the resonance Analytical derivative techniques allow to compute excitation energy gradients and non-resonant polarizability derivatives in an efficient fashion using TDDFT. 32, 36 In this work, derivatives of transition dipole moments are computed by numerical differentiation. However, an analytical implementation is possible starting from a Lagrangian formulation, 37 similar to that for gradients of excitation energies 38, 39 and frequency-dependent polarizabilities. 36 In the following, we explore the characteristic changes in resonance Raman spectra of guanosine for excitations in the range between 200-266 nm, which contains a number of electronic excitations. In addition, we consider Raman excitation profiles of ring-breathing modes of nucleosides. Raman excitation profiles describe the dependence of Raman cross sections on the energy of the incident radiation. Finally, we determine the relative contributions of the A and B terms to Raman cross sections of guanosine both at resonance and in the non-resonant case.
All calculations have been performed using the PBE0 functional 40 and triple-zeta valence basis sets with two sets of polarization functions (TZVPP). 41 The PBE0 functional has been chosen because it has proven quite accurate both for polarizabilities 42, 43 and Raman intensities. 36, 44 However, vibrational frequencies 45 and electronic excitation energies 46 are often overestimated with PBE0. 20 excited electronic states were included in the sum-over-states expressions. Linewidth parameters were assumed to be 0.1 eV for all electronic states. All calculations were performed using the program package TURBOMOLE. 47 In Figure 1 of excitation energies observed here is quite typical for the PBE0 functional 46 and is in part due to the lack of solvation effects in the calculations. Since the shape of resonance Raman spectra is sensitive to the relative position of the frequency of the incident light in the electronic excitation spectrum, we correct for the systematic error in excitation energies with PBE0. 48, 49 Note that different frequency scales are applied to experimental and computed Raman spectra. See text for computational details.
introduce a linear regression between the computed and experimental excitation energies based on the four strongly allowed electronic transitions of guanosine. The slope of the linear regression is 1.02, the offset is 0.35 eV. In addition, frequency scales in experimental and computed Raman spectra are adjusted in Figure 1(a)-(d) to reflect the systematic overestimation of vibrational frequencies with PBE0 functional. 45 This corresponds to an effective scaling factor of 0.96.
The experimental resonance Raman spectrum at 266 nm excitation (Figure 1(a) ) is characterized by a strong 1492 cm −1 Raman peak and a slightly less intense 1581 cm −1 band. The former vibrational band was attributed to an imidazole ring vibration while the latter was assigned to a pyrimidine ring stretch mode. 53 The experimental resonance Raman spectrum at 200 nm shows a strong pyrimidine ring stretching band at 1578 cm −1 vibrational band as well as three Raman peaks of nearly equal intensity at 1679 cm −1 , 1489 cm −1 , and 1364 cm −1 , which are assigned to the ν(C 6 =O) stretch, a pyrimidine ring stretch, and an imidazole ring stretch, respectively. The low-frequency part of the resonance Raman spectrum is dominated by the ring breathing mode. The computed resonance Raman spectrum at 187 nm (6.63 eV) is close in energy to the strongly allowed π → π * state (S 13 ) at 6.79 eV.
The pyrimidine ring stretch vibration at 1631 cm −1 is predicted as the strongest vibrational band.
The intensities of the the ν(C 6 =O) vibration at 1829 cm −1 , the imidazole ring vibration at 1547 cm −1 , and the ring deformation mode at 1416 cm −1 , which correspond to the three intense Raman bands observed experimentally, are underestimated relative to the strongest Raman peak. Since the excitation at 200 nm is close to strict resonance, the A terms are dominant in the resonance Raman spectrum.
The non-resonant Raman spectrum of guanosine at 514.5 nm is shown in Figure 1(d) . Assignments of the non-resonant Raman spectra of guanine and its derivatives have been published previously. [55] [56] [57] As expected for Raman spectra far from resonance, the B terms are dominant, while the A terms are comparatively small. The non-resonant case is characterized by a significant number of excited electronic states, each contributing only a small amount to Raman cross sections. Under these circumstances, the closure of the sum over states is applicable, and the resulting Raman cross sections are represented as a ground state response property. 17, 21 The sum-over-states results for guanosine Raman spectra at 514.5 nm including 20 excited electronic states is in very good agreement with the conventional result obtained from derivatives of frequency-dependent electronic polarizabilities, see supplementary information.
The changes observed in the experimental resonance Raman spectra can be well described within the sum-over-states formalism. A comprehensive assignment of Raman peaks can be achieved. The relative changes in resonance Raman spectra depend on a the relative position of the frequency of the incident radiation within the electronic excitation spectrum. Thus a balanced description of a large number of electronic excitations is required, which represents a considerable challenge for the existing DFT methodology. Generally, the sum-over-states approach reproduces the characteristic changes in the overall shape of resonance Raman spectra reasonably well. This suggests that the main source of error in these calculations is due to electronic excitation energies, while the local properties of excited states, such as energy gradients and derivatives of transition dipole moments, are better reproduced. Similar results have been found for relaxed structures of excited states. 32, 38, 39 However, we note that all comparisons include relative Raman cross sections only. Accurate determination of absolute Raman cross sections is a challenging taks both for experiments and computation and is not considered here.
Raman excitation profiles (REPs) describe the dependence of Raman scattering cross sections on excitation frequency. In Figure 2 we show the REPs for the ring breathing modes of adenosine, guanosine, cytidine, and uridine. These low-frequency totally symmetric vibrational modes correspond to an in-phase expansion or contraction of the entire heteroaromatic ring system. Experimental spectra are from Ref. 58 For consistency, the correction for systematic errors in excitation energies derived for guanosine (see above for details) is used for all nucleosides.
The ring breathing mode of adenosine (Figure 2(a) ) is observed at 729 cm −1 in experimental spectra, while the computed vibrational frequency is 747 cm −1 . The experimental REP shows two maxima at the positions of the electronic absorption bands of adenosine. They are assigned to the strongly allowed π → π * excited states S 2 and S 7 , respectively. The Raman cross section of the ring breathing mode is larger at resonance with the higher-energy absorption band, in line with experimental data. Since the ring breathing vibration is totally symmetric, its intensity is almost entirely due to A term contributions.
The ring breathing mode of guanosine (Figure 2(b) ) is observed at 670 cm −1 ; the computed vibrational frequency is 612 cm −1 . Two broad maxima are observed in the experimental REP at the positions of the two electronic absorption bands. The first REP maximum at 4.5-5.0 eV covers the two closely lying dipole-allowed states S 1 and S 2 , while the second REP maximum peaked at ca. 6 eV includes the weakly allowed S 10 state as well as the strongly absorbing S 13 and S 17 states.
The larger Raman cross section at the second maximum is reproduced by theoretical results. The significant contribution from B terms, which grows with increasing excitation energy, suggests that the ring breathing modes is strongly coupled to non-totally symmetric vibrations.
Experimental and computed REPs of the ring breathing mode of cytidine are shown in Figure 2(c) . Experimental vibrational frequency is 782 cm −1 , the computed frequency is 792 cm −1 .
Two moderately strong maxima are present in the experimental REP, followed by a significant increase at the high-energy edge of the REP. The two maxima are attributed to the two π → π * transitions of cytidine (S 1 and S 4 ). The increase at above 6.2 eV is due to the S 8 and higher-lying excited states. While the Raman cross sections are almost exclusively due to A terms at the first maxima, the contribution of B terms increases at higher excitation energies. The ring breathing mode of uridine shows a single broad peak at about 4.7 eV (Figure 2(d) ), which is assigned to the strongly allowed S 2 excited state. Experimental vibrational frequency of the ring breathing mode is 783 cm −1 , computed value is 781 cm −1 .
The two limiting cases of the sum-over-states expression are the strictly resonant situation, in which one resonant electronic state dominates the sum, with the A terms outweighing the corresponding B terms. In this case, the sum reduces to the short-time approximation. 59 The other limiting case, far from resonance, is usually well described by the polarizability theory of Placzek, 21 in which polarizability derivatives are often even approximated by their static limits. As was pointed out by Albrecht, B terms are dominant in the non-resonant case, 16 while A terms are all but negli-gible. The polarizability approximation is usually adequate for the range of excitation frequencies below the lowest electronic excitation. In the intermediate regime, e. g., above the first electronic excitation, both A and B terms from different electronic excited states contribute to Raman cross section, and a smooth interpolation, such as the one offered by the present approach, becomes necessary.
The presented sum-over-states approach ignores the details of vibronic structure and includes the contributions from a given electronic excited state in an aggregate manner only. Thus, it is likely to be problematic for molecules with well-resolved vibronic transitions such as small gasphase species. However, vibronic structure is typically "washed out" in most medium-size and large molecules or in the presence of a solvent so that the averaged description appears appropriate in these cases. The contributions of different electronic excited states to the Raman scattering tensor σ σ σ Q (ω) are additive, cf. Eq. (2). Therefore, the quality of the description of the strictly resonant case may be improved upon by treating the contribution of the resonant electronic state in a more accurate way such as explicit time propagation 26, 27 or summation over vibronic states. 25 The computed resonance Raman cross sections include excitation energies, transition moments and their geometric derivatives. As a consequence, they offer a sensitive test of the TDDFT methodology. Our results indicate that largest source of error for relative resonance Raman cross sections are excitation energies, and the results are found to improve if the excitation energies are corrected for errors intrinsic to the method. Corrections using experimental excitation energies might be used for this purpose if available. Alternatively, corrections for excitation energies might be obtained from more accurate theoretical methods such as coupled-cluster response approaches.
In this work, we presented a simple approximation to resonance Raman cross section based on the sum-over-states expression for frequency-dependent electronic polarizabilities. Each electronic excited state contributes two types of terms to the Raman cross section, which we term A and B terms, in analogy to Albrecht's treatment. The A terms are dominant in the strictly resonant case, while the B terms determine the Raman cross sections in the non-resonant limit. By using both terms, the present method can treat the resonant and non-resonant cases on equal footing.
Resonance Raman spectra and Raman excitation profiles of nucleosides can be predicted with reasonable accuracy using the sum-over-states approach. The major source of error seem to be electronic excitation energies, which are can be off by up to 0.5 eV with TDDFT. Improved description of resonance Raman spectra and Raman excitation profiles is expected from a combination of the present sum-over-states formulation with more accurate approaches for the few strictly resonant electronic states as well as an first-principles framework for computing electronic state linewidths from the open-system formulation of TDDFT. 35 
